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GROUND EFFECTS RELATED TO LANDING OF ATRPLANES
WITH LOW-ASPECT-RATIO WINGSL

By William B. Kemp, Jr., Vernard E. Lockwood,
and W. Pelham Phillips
Langley Research Center

SUMMARY

Some results of a study of the influence of ground-induced aerodynamic
effects on the landing maneuver of airplanes with low-aspect-ratio wings
are presented. The fundamental mechanism of ground induction is reviewed
and a simplified landing-flare analysis is used to illustrate the signifi-
cance of the ground-induced pitching moment, the load factor Jjust before
touchdown, and the ground effects on the elevator characteristics. Some
effects of wing planform and airplane size are shown by use of dynamic cal-
culations of airplane motions during the landing flare. A constant-pitch-
attitude landing flare is shown to be possible for some large airplanes with
low-aspect-ratio wings.

INTRODUCTION

Many airplane designs proposed for supersonic missions have employed
low-aspect-ratio delta-related wing planforms. The achievement of appro-
priate 1ift coefficients for landing with these wings requires angles of
attack so high that provision of adequate ground clearance is a serious
problem and may possibly necessitate lower wing loadings or longer landing
gears than would be desirable otherwise. Some wind-tunnel measurements on
low-aspect-ratio wings have indicated that the effects of ground proximity
may allow the angle of attack at a landing touchdown to be several degrees
less than that required to obtain the same 1ift coefficient away from the
ground, and thus may significantly alleviate the ground-clearance problem.
Furthermore, since this angle-of-attack change due to ground proximity may
be of the same order of magnitude as the flight-path angle in a normal
landing approach, the execution of a landing-flare maneuver without changing
airplane attitude appears within the realm of possibility. The constant-
attitude flare is viewed in some quarters as being considerably easier and
therefore safer than a conventional landing-flare maneuver.

With these comnsiderations in view, a study has been initiated at the
NASA Langley Research Center using wind-tunnel experiments and analytical
procedures to determine the influence of several configuration parameters
on the ground effects on low-aspect-ratio wings. It is the purpose of this
paper to present some highlights of the findings to date as they relate to
the landing maneuver.

lPresented at the classified "Conference on Aircraft Aerodynamics," Langley
Research Center, May 23-25, 1966, and published in NASA SP-12k.
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SYMBOLS

wing aspect ratio

wing mean aerodynamic chord, It
elevator chord, ft

1ift coefficient

drag coefficient

pitching-moment coefficient

rate of change of 1lift coefficient with elevator angle at constant
angle of attack, per degree

rate of change of pitching-moment coefficient with elevator angle at
constant angle of attack, per degree

height above ground of a point on the wing chord plane at the longi-
tudinal location of the center of gravity, ft

height of landing gear above ground, ft

normal load factor

wing area, sq ft

time, sec

airplane velocity, knots
airplane weight, 1b
angle of attack, deg

elevator angle, deg

ground-induced increment in any coefficient Cj
angle-of-attack change during the flare, deg
elevator-angle change during the flare, deg
flight-path angle, deg

airplane pitch attitude, deg

leading-edge sweepback angle, deg



Subsecripts:

A conditions in free-air approach
G conditions at ground contact
DISCUSSION

Comparison of Conventional- and Delta-Wing Airplanes

The first two figures compare the ground effects on two airplane configu-~
rations having widely different aspect ratios. Figure 1 illustrates the ground
effects measured on a wind-tumnel model typical of a conventional subsonic jet
transport with an aspect-ratio-6 wing. Drag coefficient, angle of attack, and
pitching-moment coefficient are shown as functions of 1ift coefficient. The
s0lid curves represent the characteristics in free air and the dashed curves
correspond to the wheels touching the ground. The data of figure 1 were
obtained with a tail incidence of -6° relative to the wing chord plane and a
trailing-edge flap deflection of 60°. The flap was designed for use with
blowing at the slot 1lip but the data of figure 1 were measured without blowing,
and thus the maximum 1ift coefficient is lower than would be expected from a
flap system designed for use without blowing.

At the lower 1ift coefficients, the ground effect produces a small increase
in 1lift at a given angle of attack. The maximum 1ift coefficient, however, is
significantly reduced by proximity to the ground. These trends are typical of
the ground effects observed on configurations with wings of moderate to high
aspect ratio. For comparison, figure 2 shows the corresponding characteristics
of a tailless model having a 55° clipped delta wing with an aspect ratio of
2.26 with no twist, camber, or flap deflection. Again, the drag coefficient,
angle of attack, and pitching-moment coefficient are plotted against 1ift coef-
ficient for free air and for a height representative of a wheel touchdown condi-
tion. Since the low-aspect-ratio wing does not exhibit a true stall, the
ground effects on maximum 1ift coefficient need not be considered. Lift coef-
ficilents appropriate for a landing approach are indicated for each configura-
tion. Observe that at the approach 1lift coefficient, the ground effects on the
low-aspect-ratio wing allow a reduction in angle of attack of more than 3° from
free air to touchdown, whereas the corresponding angle-of-attack reduction for
the subsonic Jjet configuration is only about 1/20.

Both configurations show significant drag reductions in ground effect.
Although these drag reductions would affect the speed bleed-off in a landing
flare, further analysis of the ground effects on drag is beyond the scope of
this paper.

The pitching-moment characteristics show that both configurations experi-
ence a modest increase in static stability in proximity to the ground, with a
resultant increase in nose-down moment at the approach 1ift coefficient. The



effect of trimming out this moment change is discussed in a subsequent section.
The data of figures 1 and 2 show that the angle-of-attack increment produced by
ground proximity is of greatest interest for the low-aspect-ratio configuration.
The present study has, therefore, emphasized the low aspect ratios.

Mechanism of Ground Induction

Consider an airplane flying in close proximity to the ground (fig. 3). The
effect of the ground is to prevent the existence of any vertical air velocity at
the ground plane. If the ground is replaced by an inverted mirror-image air-
plane flying under the ground, all vertical velocities induced by the airplane
and its image are canceled at the plane of symmetry. Thus, the effects of the
image airplane are identical to the effects of a ground plane. Figure 4 shows
the airplane in side view with a typical chordwise distribution of 1ift due to
angle of attack. The aerodynamic center is at the centroid of this distribu-
tion. This same distribution of 1ift is represented on the image airplane as
a system of lifting and trailing vortices. The image vortex system induces
upwash velocities in the wing chord plane that may be distributed somewhat as
shown in the middle sketch. The induced upwash over the region of the wing has
an average value which is equivalent to an angle-of-attack change and a gradient
which is equivalent to a camber change. The equivalent camber would induce a
1ift whose center would be near the rear of the wing. The combined ground-
induced 1ift may be distributed as shown by the lower sketch and its center of
pressure would be expected to lie behind the aerodynamic center and produce a
nose-down ground-induced pitching moment.

Experimental Program

The experimental program recognized the importance of the ground-induced
pitching moment by placing some emphasis on the configuration of the elevators
used to trim out the moment. Figure 5 illustrates two of the wind-tunnel models
used. The wings were of delta planform with clipped tips and had leading-edge
sweep angles of 55° and 70°. Some data obtained on this 55° wing were shown in
figure 2. Elevators having chords of about 10 percent and 20 percent of the
wing mean aerodynamic chord were examined. The models were tested in a wind
tunnel at various heights above a ground plane. A moving-belt ground plane was
used to remove uncertainties even though a correlation discussed in reference 1
indicates that the moving belt was unnecessary for these models.

The ground effects measured on these two models are compared in figure 6.
The ground-induced increments in 1ift and pitching moment at zero elevator
deflection, and the ground-induced increments in the elevator 1ift and moment
parameters, are shown as functions of height above the ground. The ground-
induced increments were measured at a constant angle of attack of 12°. The
1ift increment and the increments of the elevator parameters are each normal-
ized by their respective free-air values.



For the 550 wing, shown by the solid curves, all of the parameters increase
continuously with decreasing height. For the T0° wing, the 1lift at zero ele-
vator and the 1ift due to elevator deflection also increase continuously but the
two moment parameters show a reversal in the ground-effect trend at the lowest
height. Although this trend reversal is not fully understood at present, it
may be associated with the formation of an effective venturl throat between the
ground and the wing trailing edge that may cause negative pressures on the
underside of the wing near the trailing edge. It is possible that the 55° wing
may also have shown some tendency toward trend reversal if it had been tested
closer to the ground. The lowest points shown for each wing, however, represent
heights that are appropriate for wheel touchdown. The ground-induced 1ift
increment at touchdown is seen to be nearly the same for both wings.

Simplified Landing-~Flare Analysis

In order to assess the lmportance of these ground effects on the landing
maneuver, the analysis procedure illustrated in figure T was used. Two flight
conditions are assumed. The first 1s a steady-state landing approach glide
out of ground effect on a straight descending flight path. The second repre-
sents the conditions at the instant of wheel contact with the ground. The
flight path here may be curved and is usually at a flight-path angle less than
that in the approach.

The curvature of the flight path requires a normal load factor somewhat
greater than 1. The normal load factor at ground contact may be expressed
approximately as the ratio of the 1lift coefficient at ground contact to that
in the steady-state approach. Now if the approach 1ift coefficient is known
and a value for normal load factor is assumed, the 1lift coefficient at ground
contact may be determined. The wind-tunnel data may then be used to find the
trimmed angle of attack in the approach and at ground contact corresponding to
the appropriate 1lift coefficients and ground heights. The change in angle of
attack during the flare is denoted by the symbol Aap and is a sort of ground-

effect figure of merit as determined in the wind tunnel.

The significance of this parameter is indicated by the second equation
of figure T, which was derived by using the angle relationships shown in the
sketches. For a smooth landing, the flight-path angle at ground contact should
be nearly zero. Thus, for any given value of the approach flight-path angle,
the change in airplane attitude required to achieve this change in flight-path

e}

angle is determined by Aap. If, for example, the value of Aap were -2% , 8
very reasonable landing flare could be achieved with no change in airplane
attitude. The change in elevator angle during the flare can also be determined
from the wind-tunnel data and is a measure of the required pilot activity.

Application of this analysis procedure to the data for the 55° delta wing
yields the results given in figure 8. The angle-of-attack increment Lop  and

the corresponding increment in elevator angle are gilven as functions of the
approach 1ift coefficient with the normal load factor at ground contact as a



parameter. For the untrimmed case, an angle-of-attack reduction in the flare
in excess of 3° is indicated for an assumed approach 1lift coefficient of 0.65.
If the airplane 1s trimmed with an elevator having a chord of about 20 percent
of the wing mean aerodynamic chord, the elevator must be pulled up nearly 40

and the resulting negative 1lift reduces the angle-of-attack increment to about
-20 even if no increase in load factor is assumed. Of course, some increase in
load factor 1s necessary 1f the flight-path angle is to be reduced in the flare.
If the load factor at ground contact is as high as 1.1, the beneficial increment
in angle of attack is reduced to only -0.6°.

It is of interest, therefore, to understand more fully the mechanism by
which these potentially beneficial ground effects are being rendered unavail-
able. In figure 9 the same 55 delta wing is assumed to be trimmed with the
same 20-percent-chord elevator to a load factor of 1.1 at ground contact. The
ground effects, however, are now represented by successive superposition of
three major components: the ground effect on the variation of lift with angle
of attack, the ground effect on the variation of pitching moment with angle of
attack, and the ground effect on the lift and moment assoclated with elevator
deflection. The angle-of-attack increment in the flare and the elevator-angle
increment are again plotted as functions of approach 1ift coefficient. If the
only ground effects considered are those that influence the variation of 1ift
with angle of attack, the short-dash lines show that at an assumed approach CL

of 0.65, the angle-of-attack increment is again about -3° and the elevator-angle
change is only that required to pull the additional 0.1 load factor. The addi-
tional inclusion of the ground effects on the variation of pitching moment with
angle of attack, as indicated by the long-dash curves, required an additional 5°
of elevator-angle change and reduced the angle-of-attack increment to about

-1. 30 As indicated by the solid lines, the inclusion of the ground effects on
the elevator characteristics further reduced the angle-of-attack increment to
-0.6° but required a somewhat smaller elevator-angle change. The reason for
this last effect can be explained by reference to figure 6. For the 55° wing,
the ground effect at touchdown has increased the elevator moment effectiveness
by 17 percent, and thereby reduced the elevator angle required to trim out the
ground-induced moment. The elevator 1lift parameter, however, has increased

35 percent, and this negative 1ift has a detrimental effect on AaF in spite

of the smaller elevator angle. It is apparent that the ground effects on the
elevator 1ift and moment characteristics are an important part of the whole
ground-effect picture and must be accounted for in analysis or in simulation
of ground effects if the results obtained are to be meaningful.

It is logical to ask whether some change in the elevator configuration
would allow the potential benefit of the ground effect to be realized more
fully. Figure 10 illustrates the effect of reducing the chord of these full-
span elevators from 20 percent to about 10 percent of the wing mean aerodynamic
chord for the case of a load factor of 1.1 at ground contact. When the model
was trimmed with the smaller chord elevator, an angle-of-attack reduction in
the flare of about 1.1° was achieved at the assumed approach 1lift coefficient,
compared with only O. 6° when the model was trimmed with the larger elevator.
The elevator-angle Ilncrement in the flare shown on the right of the figure is
slightly greater for the small-chord elevator because the basic elevator effec-
tiveness 1s lower than that of the large-chord elevator. The beneficial effect

6



of reducing elevator chord is due partly to the longer moment arm of the small

elevator which allows a given moment change to be trimmed out with less loss in
1lift, and partly to the more rearward location of the center of pressure of the
ground-induced 1ift associated with elevator deflection.

C1,a

The assumption that ng =

, stated on figure 7 and used in figures 8

)
to 10, ignores not only any changes in speed but also the effect of the com-

ponent of engine thrust acting normal to the flight path. It is clear that
this thrust effect is detrimental to flare performance if the ground effects
allow an angle of attack reduction in the flare. The following expression for
load factor at ground contact accounts for this thrust effect, assuming that
the thrust required for equilibrium in the steady-state approach is held con-
stant during the flare:

C
L,G(cL) ( . ) L) .
= cOSs - tan a, sin ) + (tan a, + sin cos + = sin
_ C1,,a\Cp/p A A A AT A"F) 72 7 \Gp/, 7

EL + tan ap
CDA

Application of this expression to the data analyzed in figures 8 to 10 would
result in values of ng somewhat less than those stated in the figures.

Dynamic Motion Calculations

In the preceding discussion, the ground effects have been examined by com-
paring the initial and final conditions in a landing flare with an assumed value
for the touchdown load factor. The actual load factor can be determined from
calculations using the dynamic equations of motion through complete landing-
flare maneuvers. Several examples of such calculations are given in figure 11.
This figure presents the variation of rate of descent, elevator angle, and nor-
mal load factor with height of the landing gear above the ground, calculated
for landing flares assumed to be made at constant pitch attitude and constant
thrust. The effects of speed changes, which were negligible, and thrust orien-
tation were accounted for in the calculation. For all cases the small-chord
elevator, an approach speed of 131 knots, and an approach flight-path angle of
-2.75° were assumed. The first two curves compare the 700 and 55° wings on air-
planes having a wing area representative of a fixed-wing supersonic transport
airplane. The wing loadings were selected to give approach 1ift coefficients
appropriate for the respective wing planforms. These airplanes first enter the
ground-effect region at a height of about 60 feet, and the ground effects
reduce the rate of descent from an initial value of 10.6 feet per second to

touchdown values of 5 feet per second for the 70° wing and 6% feet per second

for the 55° wing. Observe that although both airplanes reached about the same
value of load factor at touchdown, the load factor during most of the landing
flare was somewhat higher for the 70° wing. This higher load factor resulted
in a greater reduction in rate of descent.



The short-dash curves show a landing flare for an airplane assumed to be
a l/3-scale model of the large one with a 55° delta wing. The wing loading and
the initial conditions are the same as those for the large airplane. The small
airplane enters ground effect at a height of about 20 feet, and although the
load factor reaches a peak value considerably higher than that for the large
airplane, the high load factors exist for a much shorter duration and result in
much less reduction in rate of descent. This finding implies that the lmpor-
tance of the ground effects on a large airplane cannot be directly inferred
from observations made in flight of a small airplane.

The results shown here for the T0° wing indicate a rate of descent at
touchdown which is almost low enough for a smooth landing. The data used in
these calculations were obtained on a wind-tunnel model without camber or twist.
There are preliminary indications that wing twist in the direction of washout at
the tips can provide further reductions in the rate of descent at touchdown.
Thus, a successful constant-attitude landing flare can probably be achieved.
Notice, however, that the elevator angle must be changed during the flare by
about T°. Thus, an automatic flare -~ that is, one requiring no pilot action -
has not been achieved.

CONCLUDING REMARKS

The study described has indicated that a meaningful analysis of wind-tunnel
ground-effect data or a realistic simulation of ground effects must utilize a
complete description of the ground effects on the 1lift and pitching-moment char-
acteristics due to angle of attack and elevator deflection. In addition, it was
shown that the ground effects on low-aspect-ratio wings can produce significant
reductions in the pitch attitude at ground contact, and constant-attitude
landing flares may be possible for some large airplane configurations. The
truly automatic landing flare requiring no change in elevator angle, however,
is difficult to achieve.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., May 24, 1966,
126-13%-03-22-23,
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MODELS USED IN WIND-TUNNEL INVESTIGATION
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BASIS OF DATA ANALYSIS
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COMPONENT BUILDUP OF GROUND EFFECT
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CONSTANT-ATTITUDE LANDING FLARES
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